Objective To test the hypothesis that brain pathology is associated with total daily physical activity proximate to death in older adults.
Individuals who lead a more active lifestyle manifest increased survival and fewer adverse health outcomes. 1 Physical activity is a complex behavior that depends on diverse physiologic systems, including musculoskeletal structures, systemic metabolism, and cardiopulmonary systems, as well as neural systems that originate in the brain. 2 Thus, degeneration and the accumulation of age-related pathologies in the brain may lead to lower levels of physical activity. The planning, initiation, and execution of physical activity are under volitional control. Thus, in addition to assessing an individual's motor capacity for example grip strength and gait speed, it is crucial to assess the quantity of how much an individual actually moves during the course of the day. Previous studies in this cohort have shown that higher levels of diverse brain pathologies are associated with lower levels of motor capacity in community-dwelling older adults proximate to death. [3] [4] [5] However, it is not known to what extent brain pathologies are related to objective metrics of the quantity of total daily physical activity in community-dwelling older adults.
Unobtrusive wearable devices that record physical activity continuously for several days are now available to measure how much an older adult actually moves during normal living in the community setting. Recordings from these devices circumvent self-report biases and yield objective metrics of total daily physical activity that include both exercise and habitual physical activities. [6] [7] [8] This study used data from wellcharacterized community-dwelling older adults to test the hypothesis that indices of brain pathology are associated with previously validated metrics of total daily physical activity and its intensity proximate to death. 9 
Methods

Participants
Participants were individuals from the Rush Memory and Aging Project, an ongoing cohort study in which participants agree to annual examinations and autopsy at death. 9 Although the study began in 1997, actigraphy data collection was not added until 2005. All decedents with valid actigraphy testing before death and completed autopsy were included in these analyses.
Assessment of total daily physical activity
All movement was measured 24 h/d for up to 10 days with an activity monitor worn on the nondominant wrist that recorded average activity counts every 15 seconds (Actical; Mini Mitter, Bend, OR). Total daily physical activity was the average sum of all daily activity counts described more fully in the e-supplement (links.lww.com/WNL/A465). Because of the large number of counts accumulated over 24 hours, raw counts in the current study were divided by 1 × 10 5 (≈1 SD) to facilitate presentation and interpretation of the results. Intensity of daily activity was calculated by dividing the total daily activity counts by the total hours per day of all nonzero epochs (activity counts per hour per day). [6] [7] [8] On average, the last actigraphic recordings were obtained 2 years (SD 1.91 years) before death (range 2 weeks-10 years; for 75% of cases <24 months and 90% of cases <36 months before death).
Other clinical covariates
Clinical covariates were obtained from the same cycle of the last actigraphic recording proximate to death. Age at death was computed from self-reported date of birth and date of autopsy. Sex and years of education were recorded at the study entry. Motor function summarized 10 motor performances. 10 Global cognition was based on 19 cognitive tests. 9 Body mass index was based on measured weight and height. 9 Self-reported assessments included physical activity, social and cognitive activities, 9 the number of 4 vascular diseases (myocardial infarction, congestive heart failure, claudication, and stroke), and 3 vascular risk factors (hypertension, diabetes mellitus, and smoking). 9 Depressive symptoms included a clinical diagnosis of depression, neuroticism, extraversion, social isolation, apathy, and sleep fragmentation. 9 APOE genotype was dichotomized into those with ≥1 copy of the e4 allele (e-supplement, links.lww.com/WNL/A465). 9 Assessment of postmortem histopathology and brain imaging indexes At death, the brain was extracted and hemisected. One cerebral hemisphere was placed in 4% formaldehyde solution and refrigerated in preparation for histopathologic studies and postmortem MRI. 9 A uniform gross and microscopic examination collected indexes including a summary measure for Alzheimer disease (AD) pathology, TAR DNA-binding protein 43 (TDP-43), Lewy bodies, hippocampal sclerosis, nigral neuronal loss, chronic macroinfarcts and microinfarcts, cerebral amyloid angiopathy, atherosclerosis, and arteriolosclerosis. 9 We also quantified the transverse relaxation rate constant (R 2 ) of tissue in each voxel using postmortem brain MRI spin-echo images (e-supplement, links.lww.com/WNL/A465).
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Analyses Bivariate correlations or t tests were used to compare total daily physical activity and its intensity with other covariates. A series of linear regression models examined indexes of brain pathologies and total daily physical activity and its intensity, controlling for age and sex in all models. We also added terms for covariates that might attenuate the association of postmortem indexes with total daily physical activity. In a final model, we added interaction terms to examine whether postmortem indexes and total daily activity varied with motor or cognitive function, dementia, or APOE e4 gene status proximate to death.
Standard protocol approvals, registrations, and patient consents The study was approved by the Institutional Review Board of Rush University Medical Center. Written informed consent was obtained from all study participants.
Data availability
All data included in these analyses are available via the Rush Alzheimer's Disease Center Research Resource Sharing Hub, which can be found at radc.rush.edu. It has descriptions of the studies and variables and a dynamic query function to aid searches for data and biospecimens for selected data. There is a login, after which any qualified investigator can submit requests for deidentified data. Brain pathology and total daily physical activity Age at death ranged from 66 to 108 years. On average, participants showed 3 different brain pathologies. One or more of the 10 pathologies summarized in table 1 were observed in nearly all cases (95.6%); 0, n = 19 (4.4%); 1, n = 58 (13.6%); 2, n = 91 (21.3%); 3, n = 93 (21.7%); 4, n = 88 (20.6%); 5, n = 42 (9.8%); and 6 to 8, n = 37 (8.6%).
Results
Total daily physical activity
With the use of regression models that controlled for age and sex, nigral neuronal loss and macroinfarcts were associated with total daily physical activity (table 2, column B). Figure 1 illustrates that the presence of macroinfarcts or nigral neuronal loss was associated with lower levels of total daily physical activity. However, indexes of other neurodegenerative and cerebrovascular disease pathologies were not associated with total daily physical activity (table 2, column B).
In further analyses, we replaced the summary measure for AD pathology with measures of paired helical filaments tau tangles and β-amyloid. Neither density of paired helical filaments tau tangles (estimate −0.432, SE 0.348, p = 0.214) nor the burden of β-amyloid (estimate −0.005, SE 0.381, p = 0.989) was associated with total daily physical activity. Models examining high vs low levels of AD and TDP-43 also were not associated with total daily physical activity (results not shown).
Because nigral neuronal loss can be associated with Parkinson disease, we repeated these analyses excluding persons with clinically diagnosed Parkinson disease (n = 14, 3.4%), and the results were unchanged (table e-2, links.lww.com/WNL/A464).
Because many older adults have evidence of >1 neuropathology, we examined a single model that included terms for all 10 indexes together to determine which were independently associated with total daily physical activity. Nigral neuronal loss and macroinfarcts were independently associated with total daily physical activity proximate to death (table 2, column B). Together, these pathologies accounted for 2.4% of the variance of total daily physical activity in addition to age and sex (table 2, column C). Individuals without nigral neuronal loss or macroinfarcts had higher levels of total daily physical activity compared to those participants with either 1 or both pathologies present.
To ensure that our results are not limited to activity profiles close to death, we examined the associations of postmortem indexes with the next-to-last measure of total daily physical activity obtained on average 3 years proximate to death. Nigral neuronal loss and macroinfarcts remained associated with total daily physical activity. The associations of postmortem indexes and total daily physical activity were also unchanged when we adjusted for whether actigraphic recordings were obtained in the fall/winter vs spring/summer (results not shown).
Total daily physical activity may include different types of physical activities. We repeated the models described above with a surrogate for aerobic activity, the intensity of daily activity. Nigral neuronal loss but not macroinfarcts was associated with total daily activity proximate to death (table 2, columns D and E).
Brain pathology, other clinical covariates, and total daily physical activity Higher levels of neuropathology can degrade health, thereby causing lower physical activity. In further analyses, we sought to isolate which conditions mediate the association of neuropathology with total daily physical activity. Including terms for motor and cognitive function showed partial attenuation of the association of macroinfarcts with physical activity, suggesting partial mediation via motor and cognitive function (table 3, models A and B). In contrast, the associations of nigral neuronal loss and macroinfarcts with total daily physical activity were not attenuated when controlling for other common health covariates (table 3, models C-I). The association of microinfarcts was attenuated when all the clinical covariates were included in a single model. In contrast, the association of nigral neuronal loss was only partially attenuated and remained associated with total daily physical activity (table 3, model J).
Next, we added interaction terms to investigate whether health covariates modified the association of postmortem indexes with total daily physical activity. While total daily physical activity is lower in individuals with dementia, on the basis of the negative estimate for the clinical dementia term (table 3, model E), the association of postmortem indexes and total daily physical activity did not vary between cases with and without dementia (table e-3, links.lww.com/WNL/ A464). In addition, the association of postmortem indexes with total daily physical activity did not vary with the level of cognitive or motor function proximate to death or with the APOE e4 genotype (table e-3).
Psychosocial traits or symptoms and impaired sleep that are related to total daily physical activity might link (mediate) brain pathology to total daily physical activity. We found that apathy, extraversion, and sleep fragmentation were associated with total daily physical activity but not depressive symptoms, a clinical diagnosis of depression, social isolation, or neuroticism (table e-4, links.lww.com/WNL/A464).
We repeated the regression models from table 2, adding terms for each of the 3 covariates that were related to total daily physical activity. The associations of all 10 brain pathologies with total daily physical activity were unchanged when we added terms for apathy (table e-5, links.lww.com/WNL/ A464), extraversion (table e-6), and sleep fragmentation (table e-7). Thus, there was no evidence that these covariates link (mediate) postmortem indexes with total daily physical activity.
Next, we added interaction terms for each of the 3 covariates with the 10 brain pathologies to examine whether these covariates modified the association of brain pathologies and total daily physical activity. Apathy, extraversion, and sleep fragmentation did not show consistent modification of the Postmortem brain white matter tissue integrity, brain pathology, and total daily physical activity proximate to death Quantifying the condition of brain white matter with conventional histopathology is difficult. In prior work, we developed a metric of brain tissue integrity, R 2 , derived from postmortem brain MRIs. R 2 is the reciprocal of T 2 , which is done to improve its metric properties. This postmortem metric is independently associated with cognitive phenotypes when controlling for brain histopathology in the same model. 13 In the current study, ≈70% (295 of 428) of decedents with indexes of histopathology also had postmortem brain MRI. Participants with and without postmortem brain imaging showed similar age at death, sex, years of education, total daily physical activity proximate to death, and levels of each of the 10 pathologies assessed in this study (results not shown). In these cases, a voxel-by-voxel analysis showed that the composite R 2 metrics from 4 brain regions were associated with total daily physical activity. These regions included the precentral and postcentral gyrus, insular cortex, and putamen and are illustrated in blue. The most common gray matter when controlling for age and sex. In a final model, adding nigral neuronal loss and macroinfarcts to the previous model with terms for the average R 2 , age, and sex accounted for an additional 1.6% of the variance of total daily physical activity.
Discussion
In a group of >400 older community-dwelling older adults, we examined the extent to which postmortem indexes of brain pathology were associated with objective metrics of total daily physical activity. These associations were robust and not linked to total daily physical activity through a wide range of health and psychosocial traits or symptoms. While nigral neuronal loss and macroinfarcts were associated with total daily physical activity proximate to death, these indexes accounted for <3% of its variance. Novel postmortem MRI brain metrics of brain white matter tissue integrity accounted for almost 6% of the variance of total daily physical activity controlling for age, sex, and indexes of conventional histopathology. These cross-sectional data suggest that the accumulation of age-related brain pathologies, in particular white matter tissue integrity, may contribute to lower levels of physical activity in older adults. However, the majority of the variance of total daily physical activity was unexplained in these analyses, underscoring the necessity for further studies to more fully elucidate the biology underlying total daily physical activity in older adults.
Accumulating health deficits in older adults impair diverse physiologic systems, which can degrade an individual's ability or capacity to maintain prior levels of physical activity. For example, antemortem brain imaging studies in older adults suggest that infarcts and loss to brain white matter integrity are associated with lower levels physical activity. 14 In addition, several clinical studies using PET of cerebral β-amyloid deposition suggest that higher levels of β-amyloid burden are associated with poorer motor function. 15, 16 Prior clinical-autopsy studies in this cohort have reported the association of brain pathology with several motor constructs that assess motor capacity, but these reports did not examine metrics of the actual quantity of daily motor function. [3] [4] [5] 17, 18 The current study leveraged available technology that provides prolonged continuous multiday recordings of how much older adults actually moved for up to 10 days in the community setting. Analyses in the current study show that some but not all brain pathologies are associated with total daily physical activity in community-dwelling older adults when controlling for motor capacity.
Prior reports in this cohort showed that nigral neuronal loss and macroinfarcts were also related to the levels of several other motor capacity constructs proximate to death. [3] [4] [5] 17, 18 A prior in vivo brain imaging study reported that higher levels of physical activity in community-dwelling older adults were associated with less evidence of silent brain infarctions.
14 In a prior study, total daily physical activity was associated with incident AD and the rate of cognitive decline of several cognitive domains. 7 The association of total daily physical activity with macroinfarcts but not AD pathology in the current study raises the question of whether the potential cognitive benefits of a more active lifestyle might derive from effects on the non-AD pathologies such as macroinfarcts, which can also affect cognitive function. While nigral neuronal loss is an important component of the pathology of Parkinson disease, in the current study, we did not find an association between Lewy bodies and the level of total daily physical activity. This finding contrasts with other motor constructs that have shown an association with both Lewy bodies and nigral neuronal loss. 18 Nigral neuronal loss may be a sensitive indicator of not only Lewy bodies but also other neurodegenerative processes and vascular processes. 19 Indexes of other microvascular disease and neurodegenerative pathologies have been associated with some but not all of the motor phenotypes examined in this cohort. Given that <10% of the variance of motor phenotypes can be attributed to brain pathology, some of the differences between these studies may reflect limited power for some of the indexes examined. [3] [4] [5] 17, 18 The metrics for total daily activity used in this study quantified all physical activities together, while prior studies examined different motor constructs. Thus, the differences in the associations of neuropathology observed with varied motor phenotypes could also derive from distinctions in their underlying neurobiology, which might be amenable to targeted interventions. Further studies with newer devices and algorithms that can quantify specific physical activities may help resolve these issues. Axial, coronal, and sagittal postmortem brain MRI sections depicting the regions (insular cortex, precentral and postcentral gyrus, and putamen) in which white matter tissue integrity (R 2 ) is most strongly associated with total daily physical activity proximate to death (blue) and the most common gray matter terminals of white matter fiber passing through those regions (red/orange/yellow). The red-to-yellow coloring of each gray matter region corresponds to the probability that a white matter fiber passing through the blue R 2 region has one of its terminals at that region. A = anterior; I = inferior; P= posterior; S = superior.
Our findings that traditional indexes of histopathology explain only a small proportion of the variance of total daily physical activity suggest that other brain pathologies remain to be identified. White matter tracts, composed of myelin, are crucial for connecting neurons in motor-related brain regions to neural systems. [20] [21] [22] However, it is difficult to quantify myelin with conventional histopathology techniques. To circumvent this difficulty, we used a previously developed metric for white matter microvascular tissue alterations derived from postmortem brain MRI of the cases analyzed in this study. We found that the postmortem R 2 metric is independently associated with and accounts for 2 to 3 times more of the variance of total daily physical activity than conventional indexes of histopathology. 11, 13, [23] [24] [25] [26] [27] These findings are consistent with antemortem imaging studies suggesting that higher levels of physical activity are associated with better white matter integrity.
14 However, not all prior studies have shown an association between physical activity metrics in older adults and brain imaging white matter indexes.
28,29 R 2 indexes in 4 specific brain regions were most strongly associated with total daily physical activity in the current study.
While the findings in the current study are significant, it is unclear why postmortem brain indexes accounted for a minority of the variance of total daily physical activity compared to up to 50% for cognitive function. While neural networks underlying cognition are limited to the brain, 30 neural systems controlling movement extend beyond the brain to regulate skeletal muscle activity. [31] [32] [33] Thus, to determine the full extent to which age-related CNS pathologies underlie total daily physical activity, it is likely to be necessary to examine postmortem indexes in motor regions outside the brain. [34] [35] [36] It is also possible that the construct of total daily physical activity may not be related to indexes of brain pathologies, as we have reported for other constructs of volitional late-life activities such as the frequency of cognitive activities. 37, 38 Prior studies suggest that the improved brain health manifested by individuals with higher levels of physical activity may derive from better structural brain integrity, neuroplasticity, and angiogenesis, but the mechanisms underlying these changes are unknown. 39 Further work is needed to identify molecular systems and pathways within the distributed motor neural systems that may underlie total daily physical activity without leaving a pathologic footprint. 39 These data are crucial for developing effective strategies to facilitate more active lifestyles to ensure improved brain health in old age.
There are limitations to this study. This was a cross-sectional observational study that used linear models to analyze clinical and postmortem measures from decedents. Brain pathology may accumulate over decades before death, and its clinical manifestations across the aging lifespan may be nonlinear. Adding gray matter indexes from postmortem brain imaging would clarify whether the R 2 metric is an independent imaging correlate of physical activity. Moreover, adding antemortem structural and pathology imaging, i.e., amyloid, to postmortem brain imaging may help clarify the causal direction of these cross-sectional associations. Because of the age of this cohort, there were few men, so these results may not be typical for the full aging spectrum. The activity monitors used did not differentiate between different types of movements, underscoring the need for studies with newer devices that provide more detailed activity metrics. 40, 41 This study has several strengths. Objective continuous physical activity metrics were obtained from a relatively large number of older adults in their own homes. Thus, these data may be more representative of the full health spectrum observed in the community setting. Moreover, unique postmortem brain histopathology and postmortem brain imaging indexes were combined with these activity metrics and analyses adjusted for a wide range of motor, cognitive, and health covariates. 
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